I -INTRODUCTION
Alumina i s an a t t r a c t i v e m a t e r i a l f o r wear.and s t r u c t u r a l a p p l i c a t i o n because of t h e e x c e l l e n t physical p r o p e r t i e s such a s high melting point, e l a s t i c i t y , hardness and r e s i s t a n c e f o r chemical corrosion. Since f r a c t u r e toughness of alumina ceramic i s not enough high, however, t h e i f use under high s t r e s s f i e l d i s limited. I t i s highly d e s i r a b l e t o improve t h e f r a c t u r e toughness of alumina. I t i s well known t h a t uniform dispersion o f second-phase p a r t i c l e s i n t o b r i t t l e ceramic m a t e r i a l s may r e s u l t i n considerable improvement f o r t h e i r f r a c t u r e toughness; S i c and Tic p a r t i c l e s i n Si3N4 /1,2/, Tic and ZrO, p a r t i c l e s i n A1,03 /3-7/ and Tic, A1,03 and ZrO,Aparticles i n SiC/8,9/.
The i n c r e a s e i n f r a c t u r e toughness i s u s u a l l y a t t r i b u t e d t o i n t e r a c t i o n of t h e crack f r o n t with t h e second phase p a r t i c l e s such a s pinning o r bowing of t h e crack f r o n t by t h e second phase p a r t i c l e s /10/, microcrack formation i n t h e c r a c k -t i p region /4/ and t h e stress-induced phase t r a n sformation /5-7/.
Dispersion of ZrO, p a r t i c l e s i s one o f t h e most e f f e c t i v e method t o improve t h e f r a c t u r e toughn-ess of A1,03 ceramics /4-7/, but i t considerably reduced t h e hardness of t h e composite ceramics. I t i s d e s i r e d t o i n c r e a s e t h e hardness of A1203-ZrO, compacts without l o s s of t h e f r a c t u r e toughness. In t h e present study, Series of experiments were c a r r i e d out, i n which various amount o f ZrO, containing 0, 3 and 6 mol% of Y203 were dispersed i n A1,03 t o i n c r e a s e t h e f r a c t u r e toughness and nonoxide m a t e r i a l s such a s S i c , Tic, TiN and B4C were used t o improve t h e hardness o f A1203-ZrO, composites.
I 1 -EXPERIMENTAL PROCEDURES
A l 2 O 3 powders (AKP-20), c o p r e c i p i t a t e d f i n e g r a i n ZrO,(Y,O,) powders containing 0, 3 and 6 mol% Y203, denoted a s ZrO,OY, Zr023Y and Zr026Y, and S i c , Tic and BcC powders were used a s s t a r t i n g materials. s e r i e s of composite powders of A1203, Zr02(Y203) and nonoxides were obtained by b a l l -m i l l i n g using t h e p l a s t i c containers and b a l l with acetone and drying. The composite powders obtained were u n i a x i a l l y pressed a t 300 MPa t o from p e l l e t s with 5 mm i n diameter and 5 mm t h i c k , and then Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19861111 p e l l e t s were s i n t e r e d a t 1450 t o 1600O~ f o r 1 t o 50 h r i n a i r o r argon gas atmosphere, o r hot pressed a t 2.0 GPa and 1500°C f o r 30 min. Some o f t h e s i n t e r e d bodies were hot i s o s t a t i c a l l y pressed a t 1500°C and 200 MPa f o r 30 min. The bulk d e n s i t y of t h e s i n t e r e d body was measured by t h e Archimedes technique. Micros t r u c t u r e of t h e f r a c t u r e surface was observed by scanning e l e c t r o n microscopy and average g r a i n s i z e o f specimen was determined by i n t e r c e p t method /11/. The phase i d e n t i f i c a t i o n was c a r r i e d out by X-ray powder d i f f r a c t i o n a n a l y s i s using N if i l t e r e d C u b . Scan o f 28 between 27 and 33 was conducted t o estimate t h e monoc l i n i c t o (tetragonal + cubic) z i r c o n i a r a t i o . Hardness, Hv, was measured by Vickers indentation with loads of 10 and 20 N. Young's modulus, E, was determined by Knoop indentation with loads of 20 and 50 N. Fracture toughness, KIC, was measured by using indentation technique /12/ a t loads of 50 and 100 N.
I11 -RESULTS AND DISCUSSION
(1) S i n t e r i n g of A1,03-Zr02(Y203) Composites A1203-ZrO,(Y,O,) composites containing 0, 5 and 10 vol% of ZrO,OY, Zr023Y and Zr026Y were s i n t e r e d a t 1450, 1500 and 1600°C f o r 1-50 h r . Since s i n t e r i n g behaviour hare not a f f e c t e d by t h e concentration of Y203, s i n t e r i n g temperature dependences of r e l a t i v e d e n s i t y and grain s i z e of A1203-Zr020Y composites a r e shown i n Fig.1 .Densification of t h e s e composites were a l m o s t t h e same and r e l a t i v e density above 98 % of t h e o r e t i c a l density was a t t a i n e d within 5 hr. However, t h e r a t e o f g r a i n growth s i g n i f i c a n t l y decreased with increasing t h e amount of ZrO,. A s seen i n Fig. 2 , a t each temperature t h e r a t e of g r a i n growth decreased with increasing t h e concentration of ZrO, and reached t h e almost constant value a t 5 v o l % of ZrO,.
These r e s u l t s agreed with those reported by Lange e t a1 /13/. Vickers microhardness, Young's modulus, f r a c t u r e toughness and t h e concentration of -100. Concentration of Zr02 (v01 %) Fig. 1 -S i n t e r i n g time dependence of Fig. 2 -Relationship between g r a i n s i z e r e l a t i v e d e n s i t y and g r a i n s i z e i n and concentration of ZrO, i n A1203-ZrO, Al,03-ZrO, composites s i n t e r e d a t composites. 1500°C. t e t r a g o n a l ZrO, o f A120,-Zr0, composites s i n t e r e d a t 1 6 0 0~~ f o r 10 h r a r e shown i n Fig. 3 . The c r y s t a l l i n e phases of ZrO, i n A1,03-Zr023Y and A1,03-Zr0,6Y composi t e s were f u l l y t e t r a g o n a l and cubic, respectively. On t h e o t h e r hand, A1203-Zr0,OY ceramics were composed of t h e mixture o f t h e t e t r a g o n a l and monoclinic phases. The amount o f t e t r a g o n a l ZrO, decreased with increasing t h e concentration of ZrO,OY, and f u l l y monoclinic phase was obtained a t more than 40 vol% of ZrO,OY. In A1,03-Zr026Y system, t h e values bf Hv and E decreased with increasing t h e conc e n t r a t i o n of Zr026Y, while KIC was almost constant. The decrease i n t h e values o f H and E appeared t o be followed on a p r i n c i p l e o f a r u l e of mixtures. In A~, o , -z~o ,~Y system, t h e values o f H and E changed i n t h e same manner a s those of A1,03-Zr0,6Y system, but t h e values xf K appreciably increased with increasing t h e concentration of Zr023Y. ~h e r e f o r e , % h e i n c r e a s e i n t h e value of KIC might be due t o t h e stress-induced phase transformation of zirconia. On t h e o t h e r hand, i n Al,O,-ZrO, system, t h e KIC curve showed t h e maximum a t 10 vol% o f Zr0,OY. The maximum value of K was much g r e a t e r than t h a t expected by stress-induced phase transformation toukgening which was observed i n A1,03-Zr0,3Y system. The values o f both H and E decreased with increasing t h e concentration of ZrO,OY and were s i g n i fi c a n t l y smaller than those o f A1,03-Zr023Y and A1,03-Zr026Y composite ceramics. Therefore, t h e i n c r e a s e of K i n A1,03-Zr0,OY composites i n t h e range of l e s s than 10 vol% ZrO, would be a t t r i b % e d t o t h e formation of microcrack i n t h e crack-tip region by t h e expansion of ZrO, during t h e t e t r a g o n a l t o monoclinic phase t r a n sformation. The decrease i n KIC a t above 10 v o l % ZrO, concentration might be due t o t h e joining of t h e microcracks between t h e p a r t i c l e s . and K C of t h e composite ceramics a r e shown i n Table 1 . Although t h e r e l a t i v e v d e n s i i l e s of t h e composites were r e l a t i v e l y low, t h e values of Hv, E and K of samples were g r e a t e r than those of Alto3-Zr0,OY composites. As seen i n ~a & E e 1, dispersion of T i c and S i c were s i g n i f i c a n t l y e f f e c t i v e t o i n c r e a s e t h e values of Hv, E and K To examine t h e i n s i g h t of t h e toughening mechanisms, crack paths were observH5: Indentation crack p r o f i l e s of A1,03, A1,03-Zr0,OY and A1,03-Zr0,OY-Sic ceramics a r e shown i n Fig. 4 (a)-(c') .
The crack path of A1,0, remained f a i r l y p l a n a r through propagation. On t h e o t h e r hand, i n both s i n t e r e d A1,03-ZrO,OY and Al,03-Zr0,OY-Sic composites, t h e crack paths exhibited considerable d e f l e c t i o n . As seen i n Fig. 4 ( c ) , crack branching a l s o occurred i n A1,03-Zr0,OY-Sic composite. These observation r e s u l t s confirmed t h e presence of a stress-induced microcrack zone. Therefore, t h e toughening i n A1203-Zr0,OY-nonoxide composites was due t o crack d e f l e c t i o n with microcracking.
The composites of A1,03-Zr0,OY-Sic, A1203-Zr0,OY-Tic, A1,0,-Zr023Y-Sic and A1,03-Zr0,3Y-Tic were s i n t e r e d a t 1500°C f o r 10 h r i n stream of A r gas. Hot isostatic pressing was also conducted to the sintered bodies of A1,0,-Zr023Y-Sic.
The values of relative density, H , E and K of those composites are shown in
Figs. 5 and 6. As seen in these %igures, t6Ce relative density decreased with increasing the concentration of nonoxide materials. The values of Hv and E of A1,0,-Zr0,OY-Tic and A1,0,-Zr0,OY-Sic increased with the addition of 1 vol% of Tic and Sic, and then slightly decreased with increasing both Sic and Tic concentrations. The decrease in the values of Hv and E would be due to the decrease in the relative density.We note that the relatlve density decreased to less than 93 % at 10 vol% of Sic and Tic. On the other hand, the values of H and K of A1,0,-Zr0,3Y-Tic and A1,05-Zr0,3Y-Sic sintered bodies with %bout 9iC% of relative density were almost constant, while the values of K decreased a little. 
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